Some of the currently most popular conjectures for the structure of the recently discovered heavy mesons that do not find a place in the quark model quarkonium spectrum are sketched. Furthermore, some observables are identified that should allow one to identify the most prominent components of individual states.
Introduction
The observation of the X(3872) in 2003 1 initiated a renaissance of heavy meson spectroscopy, since the properties of this particle were in conflict with the predictions of the quark model, which was until then extremely successful in the heavy quark sector. Since then a large number of additional candidates of exotic states was discovered. What is intriguing in this context is the fact that below the first open flavor threshold the quark model continues to provide an extremely successful description of the properties of the quarkonium states -even those discovered after 2003 -while all heavy a exotics reside above this threshold. For long there was the expectation by some that with some adjustment of the quark model it is possible to describe the X(3872) as a realization of the χ c1 (2P ) quark model state, however, with the discovery of charged states with prominent decays into heavy quarkonia 2 it became apparent that meson states beyond the most simple realization of the quark model exist. For general reviews about the heavy exotics we refer to Refs. 3, 4, 5 -reviews with specific emphasis on certain aspects are quoted in the sections below.
The focus of this presentation is on some representative phenomenological approaches that can be found in the literature aiming at a better understanding of the a Here the notion of 'heavy exotics' is used for exotics that contain a heavy quark-anti-quark pair. This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly cited. newly discovered states. In general one can distinguish two classes of states beyond the naive quark model, namely those where gluonic excitations contribute to the quantum numbers, like glueballs and hybrids, and multi-quark states. In this presentation I would like to focus on the latter class. To be concrete, I will compare the phenomenology of and predictions for tetraquarks, hadro-quarkonia and hadronic molecules. In simple words these three may be distinguished by the way the heavy and light quarks arrange themselves within a given hadron: The fundamental building blocks of tetraquarks are colored heavy light diquarks and anti-diquarks, those of hadro-quarkonia are compact, colorless quarkonia, surrounded by a light quark cloud and those of hadronic molecules are pairs of heavy open flavor mesons. The phenomenological implications of these structures are discussed in some detail in the following sections.
Tetraquarks
The first detailed study of tetraquark structures dates back to the works of Jaffe employing the MIT-bag model 6 . Already at that time the notion of the [3] diquarks as 'good diquarks' was initiated based on the observation that in a pertrubative treatment this is the attractive channel -most of the following works therefore included only the good diquarks. While in Ref. 6 the focus was on the light quark sector, in 2003, shortly after the discovery of the X(3872) in Ref. 7 the picture was adapted to the quarkonium sector. While in this original work the spin-spin interaction was dominated by that between the diquarks, in line with expectations from the heavy quark symmetry, it was realized in Ref. 8 that the Z c spectrum can be described only, if the spin-spin interaction acts predominantly within the diquarks. In this work it is also shown that this unusual assumption also helps to describe some decay phenomenology -in particular the transition Y (4260) → X(3872)γ. For a recent review of multiquark states with emphasis on tetraquarks we refer to Ref. 9 .
The approach starts from identifying the most relevant diquark-anti-diquark interactions contributing to the mass of a tetraquark as 8
where in the last step it was used that the Hamilonian acts on diquarks and antidiquarks with definite spin s ands, respectively, coupled to a given angular momentum L and total spin S combined to some total angular momentum J.
To fix the parameters one may start with the L = 0 sector which for tetraquarks refers to even parity states. Then one is faced with three established states, namely X(3872) -an isoscalar with J P C = 1 ++ , and Z c (3900) and Z c (4020), both isovectors with J P C = 1 +− which allow one to fix κ cp as well as M 00 . Before one can proceed to fix the parameters that enter for L = 1, which need to be fixed from negative parity states, one needs to decide which states to include in the fit -at present the spectrum of 1 −− states is not established. Furthermore the interaction was extended to allow for a spin-spin tensor force in addition to the terms mentioned above. In any case the analysis calls for 4 exotic states in the 1 −− sector below 4700 MeV for the parameters to be in line with other systems. It remains to be seen how many of the states claimed at present get established eventually. Implications of Eq. (1) for other quantum numbers are discussed in Ref. 13 .
It should also not remain unmentioned that there are various problems with the tetraquark picture as presented. First of all it predicts a lot more states than observed: There are not only those that follow directly from Eq. (1). The spectrum is on top doubled by the fact that all states should appear near degenerate in both the isoscalar and the isovector channel in complete analogy to the proximity in masses of ρ and ω. In addition it is also not clear yet, if just looking at good diquarks is appropriate 14 .
Recently there appeared growing interest into QQqq tetraquarks. There exist now studies from QCD sum rules 15 , lattice QCD 16 as well as phenomenology 17,18 . Especially the last works employ the observation of doubly heavy baryons to make predictions for doubly heavy tetraquarks. The connection between these systems might be most compactly collected into the formula 18
which is based on a proposed quark-diquark symmetry 19 . This symmetry is realized in nature, if heavy diquarks form compact substructures in hadrons, for this would allow one to perform a systematic expansion in r QQ /r, where rdenotes the size of the light quark cloud that may be estimated as 1/Λ QCD . As soon as r QQ /ris a small parameter, one may safely assume the QQ diquark to be in the color-antitriplet configuration, since for heavy quarks the QQ interaction should be largely governed by the one gluon exchange which is attractive only in this channel. Then Eq. (2) follows naturally. Especially since recently the first doubly heavy baryon was found experimentally 20 , the conclusion might well be inverted: If the pattern of Eq. (2) were not realized in nature, it would tell us that QCD does not favor doubly heavy compact diquarks. Therefore the experimental search for the mentioned tetraquark structures should be performed with high priority at, e.g. Belle and LHCb. The above mentioned studies find typically a deeply bound bbūd system with J P = 1 + 100-200 MeV below the η b η b threshold.
Hadroquarkonia
The physical picture underlying hadroquarkonia is that of a compact quarkonium core surrounded by a light quark cloud sticking together thanks to the QCD analogue of the van der Waals force 21 . In this approach the decay of, say, the Y Predictions derived from the hadro-quarkonium approach follow most straightforwardly for the partner states derived employing heavy quark spin symmetry. For example, when the Z c (3900) is assumed to be a hadro-charmonium composed of a J/ψ core supplemented with a light quark cloud carrying the quantum numbers of the pion, then there must be a spin partner state composed of an η c (1S) core with the same cloud 23 . In particular, this partner states baptized W c should be lighter than the Z c (3900) according to
On the contrary, if the Z c (3900) is a molecular state composed of DD * , then the spin partner should be heavier than the Z c by the D * -D mass difference 23 . Therefore, with the discovery of an isovector state near the D * D * threshold at BESIII 24 the hadro-quarkonium picture is ruled out for the Z c (3900).
When a similar logic to identify spin partners is applied to the scenario outlined above for Y (4260) and Y (4360), in total 4 spin partners emerge with the distinctive feature that there emerges a relatively light η c (4140) absent from the phenomenology for the other exotic scenarios 13 . A more detailed comparison of features deduced from the hadro-charmonium picture and those deduced from the molecular picture for Y (4260) can be found in Ref. 25 .
Hadronic Molecules
Hadronic molecules are bound states of two (or more) color neutral states in close analogy to nuclei. The binding force typically comprises both short ranged interactions as well as the longer ranged exchange of the relatively light Goldstone bosons -especially the pion c , which is regarded by many as crucial whenever it is allowed to contribute at tree level. Based on meson exchange models deuteron-like states Heavy Exotic Mesons -Theory 5 composed of two heavy mesons were predicted already in Refs. 27, 28. For a recent review on molecular states we refer to Ref. 29 .
It is well known from nuclear physics that binding is in general the strongest in S-waves. Accordingly we here focus on S-wave systems. Furthermore, molecular states can only be formed from narrow hadrons -broad constituents would necessarily lead to broad bound states 30 ; the same statement from a different angle may be phrased as: The constituents must live long enough to allow the bound state to form 31 .
For shallow bound states Weinberg developed a criterion that allows one to extract the probability to find the molecular component in the wave function of this state, (1 − λ 2 ), directly from the residue at the bound state pole (which is the square of the effective coupling of the given state to the relevant continuum channel) 32 :
where M denotes the mass of the bound state, µ = m 1 m 2 /(m 1 + m 2 ) the reduced mass of the two constituents with mass m 1 and m 2 , respectively, and γ = 2µ(m 1 + m 2 − M ) is the binding momentum. In Ref. 33 it was shown that this relation can still be used even in the presence of remote inelastic channels. Eq. (4) acquires corrections of the order of γR, where R denotes the range of forces. Thus, those corrections can get quite large especially for systems with heavy mesons. However, the spirit of Eq. (4) is easily generalized: (i) Transitions with the constituents in the final state are enhanced; (ii) loops that contain the constituents appear at leading order. Then, for all observables where those loops are convergent, the molecular nature of the states is expected to leave an imprint in these observables 34 . However, if these loops are divergent, the observable is sensitive to the short ranged structure of the wave function that is not under control in the effective field theory. This calls for a counter term at leading order -examples of observables of this class are radiative decays of X(3872) 35 or molecule production at high p T 36 .
Natural observables sensitive to the molecular nature are the line shapes of a given state. Those are especially non-trivial when the constituents are unstable as was first observed in Ref. 37 (see also Ref. 38) . This is illustrated in Fig. 1 In the right column the most recent data in the Y (4260) mass range for the J/ψππ 11 and the D * πD 12 channel are shown together with the same curves already fixed in 2013. Obviously the gross features of the data are nicely reproduced in both channels with just one single particle state included 39,44 . On the contrary, based on analyses that again involved only Breit-Wigner distributions, the data shown were claimed to contain in addition to a pole at 4222 MeV and a higher lying one 11,45 . Besides the line shapes also the quantitative implications of spin symmetry violations turn out to be quite specific for the underlying dynamics. For the case of the spin partners of heavy meson molecules this is worked out in some detail in Refs. 46, 47, 48, 49, 50, 51.
Summary and Conclusions
We are facing exciting times in heavy meson spectroscopy. As outlined in the presentation there is reason to hope that the upcoming high precision data from BESIII, LHCb, Belle and BaBar as well as from the future detectors BelleII and PANDA will allow us to understand the spectrum of the newly discovered heavy meson exotics. What is especially needed to discriminate between different theoretical pictures is information about resonances in other channels as well as detailed measurements of line shapes.
Before closing a disclaimer is in order: Clearly in reality the different configurations will mix. On top of what is described here there can furthermore occur a mixing with regular mesons. Theoretical investigations of these mixings are still in their infancy 52,53,54 . However, I regard it as realistic -a judgement that might well be driven by desire -that the gross features of the properties of the exotics can be mapped onto one of the scenarios outlined in this presentation. Those studies will then eventually reveal, how (or if at all) QCD clusters its constituents into multi-quark states providing crucial insights in the inner workings of the strong interaction.
